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E-mail address: ckai@ims.u-tokyo.ac.jp (C. Kai).Measles virus phosphoprotein (P protein) is a cofactor of the viral RNA polymerase (L protein) that
associates with the nucleoprotein–RNA complex to support viral transcription and replication. Here,
we report a signiﬁcant inverse correlation between the phosphorylation level of MV-P protein and
viral transcriptional activity. Upregulation of P protein phosphorylation resulted in reduction of
viral transcription. Additionally, we found that strong phosphorylation at S86 and S151 of P protein,
which may be generally prevented by association with nucleoprotein, downregulates the viral tran-
scriptional activity. These ﬁndings suggest that P protein is involved in regulation of viral transcrip-
tion through changes in its phosphorylation status.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Measles virus (MV), a morbillivirus in the family Paramyxovir-
idae of the orderMononegavirales, possesses a non-segmented neg-
ative-stranded RNA genome containing six structural genes
encoding nucleoprotein (N), phosphoprotein (P), matrix protein
(M), fusion protein (F), haemagglutinin protein (H), and large pro-
tein (L), in that order [1]. The P gene produces two accessory pro-
teins, V and C, in addition to P protein [2,3]. These accessory
proteins suppress host immune responses [4,5], while P protein
is multifunctional [6–8], mainly acting as a cofactor of the poly-
merase L protein [9,10].
Viral transcription and replication are carried out on the N–RNA
complex in association with viral RNA-dependent RNA polymerase
(vRdRp), which consists of the L and P proteins. First, vRdRp tran-
scribes the viral genes to express viral structural proteins. When N
protein accumulates sufﬁciently, vRdRp shifts its function from
transcription to replication, and the RNA genome is replicated
exponentially [11,12].
In Mononegavirales, P protein undergoes phosphorylation, and
many recent reports have highlighted a relationship betweenchemical Societies. Published by E
arch Center, The Institute of
rokanedai, Minato-ku, Tokyophosphorylation of P protein and viral gene expression [13–22].
N protein is also known to be phosphorylated [23]. Our recent re-
search identiﬁed the major phosphorylation sites of MV N protein
at S479 and S510, and suggested that phosphorylation of N protein
also takes part in viral transcription and/or replication [24]. Thus,
phosphorylation of both N and P proteins are thought to be
important for viral gene expression. To further elucidate the mech-
anism of viral gene transcription and replication, clariﬁcation of
the roles of N and P protein phosphorylation are needed. However,
the details of the relationship between N or P phosphorylation and
viral RNA transcription/replication are still poorly understood. In
this report, we examined the phosphorylation status of N and P
protein during transcription and replication. We report the rele-
vance of MV-N and P protein phosphorylation to viral gene
expression.
2. Materials and methods
2.1. Cells and antibodies
HEK (human embryonic kidney) 293 and COS-7 (SV40 trans-
formed African green monkey kidney ﬁbroblast) cells [25] were
propagated in Dulbecco’s modiﬁed Eagle’s medium (Sigma) sup-
plemented with 5% fetal bovine serum (JRH Bioscience), 2 mM L-
glutamine, 100 U/ml penicillin, and 0.1 mg/ml streptomycin at
37 C in 5% CO2. Anti-MV N polyclonal antibody was prepared as
described previously [24].lsevier B.V. All rights reserved.
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The construction of the pCAGGS mammalian expression vectors
[26] containing N, N mutants (S479A, E480A, G509A, S510A,
D511A, and S479A/S510A), P, P mutants (S86A/S151A and T49A/
S86A/S151A), and L genes fromMV-HL strain [27] was as described
[24]. In this study, the expression plasmid of P protein was modi-
ﬁed to not express C protein, which is an accessory protein en-
coded in the P protein gene.
2.3. In vitro transcription of minigenomic RNA
pMDB1 vector [28] containing the ﬁreﬂy luciferase gene pos-
sessing the leader and trailer sequence of the MV-HL strain (1–
107 leader and 15786–15894 trailer nucleotides) [24] was used
for in vitro transcription with RiboMAx Large Scale RNA Production
System (Promega) according to the manufacturer’s instructions.
RNA products were puriﬁed using MicroSpin G25 columns (Amer-
sham Biosciences) followed by phenol–chloroform extraction.
Puriﬁed minigenomic RNAwas concentrated by 2-propanol precip-
itation and was dissolved into small amount of water.
2.4. Minigenome assay
Precise methods for the minigenome assay have been described
previously [24]. Brieﬂy, 293 cells in 24-well plates were transfec-
ted with N-, P-, and L-protein expression plasmids using Lipofect-
amine LTX Reagent (Invitrogen) and Plus Reagent (Invitrogen), and
viral minigenomic RNAs encoding ﬁreﬂy luciferase were transfec-
ted with Lipofectamine 2000 Reagent (Invitrogen) the following
day. After 24 h, cells were lysed in Passive Lysis Buffer (Promega),
and luciferase activity was measured using a PicaGene Lumines-
cent Kit (Tokyo Ink Manufacturing) according to the manufac-
turer’s instructions. Fluorescent intensity was detected by a
luminometer Mini Lumat LB 9506 (Berthold).
2.5. Immunoprecipitation
COS-7 cells (5  105) were transfected with plasmids for N and
P, and 293 cells (5  105) were transfected with N, P, L, and mini-
genomic RNA for ﬁreﬂy luciferase using the method described
above. At 24 h post transfection, 0.38 mCi/ml of 32P (phosphorus-
32 Radionuclide, PerkinElmer) or 0.06 mCi/ml of 35S (EasyTag EX-
PRESS Protein Labeling Mix, PerkinElmer) was added to the media,
and incubation continued at 37 C for 24 h. Cells were harvested
and lysed in lysis buffer (0.5 mM of EDTA and 0.5% of TritonX-
100 in PBS) supplemented with Protease Inhibitor Cocktail (BD Bio-
sciences) and PhosSTOP Phosphatase Inhibitor Cocktail (Roche) for
1 h at 4 C, and cell debris was removed by centrifugation. After
preclearing the lysate with Protein A Sepharose CL-4B (Amersham
Biosciences) beads, lysates were incubated with protein-A beads
and anti-MV N polyclonal antibodies for 16 h at 4 C. Beads were
collected and washed ﬁve times with PBS, and suspended in 2
Laemmli’s SDS sample buffer. Component proteins were separated
by SDS–PAGE and radioactivity detected using phosphorimager
FLA-5100 (Fujiﬁlm). Quantitative analyses of bands was performed
three times and quantiﬁed by Image Gauge (Fujiﬁlm).
2.6. Quantitative RT-PCR
293 cells were transfected with plasmids for N, P, L, and minige-
nome RNA by the method described above. Total RNAs were ex-
tracted from the cells using ISOGEN (NipponGene). Minigenome
RNA, Fluc mRNA, and GAPDH mRNA levels in the total RNAs were
quantiﬁed by real-time RT-PCR using PrimeScript Reverse Trans-criptase (Takara), SYBR Premix Ex Taq (Takara) and Rotor-Gene Q
(QIAGEN).
3. Results
3.1. Phosphorylation level of P protein is inversely related to viral gene
expression activity
Our previous study demonstrated that alanine substitution at
major phosphorylation sites of MV-N protein (S479A, S510A, and
double mutant S479/510A) downregulates viral transcription
and/or replication in a minigenome assay [24]. This assay is a
widely used method for measuring the RNA polymerase activity
of the viral transcription/replication complex (N, P, and L proteins
associated with minigenomic RNA) via expression of a reporter
gene with the leader and trailer untranslated regions of viral geno-
mic RNA [28,29]. In our previous research, wild type (wt) N, S479A,
and S510A proteins expressed alone in cultured cells were strongly
labeled with 32P, whereas the S479/510A mutant showed signiﬁ-
cant reduction in phosphorylation level [24]. We used the same
method to detect the phosphorylation status of N protein during
transcription/replication by investigating the phosphorylation le-
vel of N protein in presence of P, L, and minigenomic RNA. The
phosphorylation pattern of N protein in the assay was different
fromwhen N protein was expressed alone. The phosphorylation le-
vel of S479A was markedly higher than wt or another N protein
mutant. S479/510A showed a very low level of phosphorylation
and wt-N and S510A showed a moderate level (Fig. 1A, C). How-
ever, no signiﬁcant correlation was found between N protein phos-
phorylation level and transcription/replication activity, under any
conditions (Fig. 1E). Interestingly, however, immunoprecipitation
(IP) demonstrated that the presence of N protein mutants changed
the phosphorylation status of P protein. P protein that was copre-
cipitated with wt-N protein showed a low phosphorylation level,
while P protein coprecipitated with N protein mutants (S479A,
S510A, and S479/510A) was highly phosphorylated (Fig. 1B, D).
Of note, highly phosphorylated P protein corresponded well with
abrogation of viral RNA expression, and the phosphorylation level
of P protein was inversely related to transcription/replication
activity in the minigenome assay (Fig. 1D, E). Taken together, these
results implied that phosphorylation of N protein was not the di-
rect cause of downregulation of reporter gene expression, which
seemed to be caused by an elevated phosphorylation level of P
protein.
3.2. Phosphorylation status of N protein affects P protein
phosphorylation
Alanine substitution at major phosphorylation sites of N protein
(S479A, S510A, and S479/510A) promoted P protein phosphoryla-
tion via N–P protein interaction. To determine whether elevation
of P protein phosphorylation was caused by changes in the phos-
phorylation status of N protein or were independent of N protein
phosphorylation, we generated additional N protein mutants with
alanine substitutions at amino acids adjacent to major phosphory-
lation sites (E480A, G509A, and D511A). We used IP to examine the
phosphorylation level of the P protein associated with these N pro-
tein mutants. S479A, S510A, and S479/510A mutants of N protein
increased P protein phosphorylation, while E480A, G509A, and
D511A mutants of N protein caused no change in the phosphoryla-
tion status of P protein (Fig. 2A, B). Thus, the increase in P protein
phosphorylation was accompanied by changes in N protein phos-
phorylation status. These data suggested that both S479 and
S510 of N protein must be phosphorylated to maintain P protein
at its basal phosphorylation level, and the absence of a phosphate
Fig. 1. Correlation between phosphorylation level of P protein and transcription/replication activity. 293 cells were transfected with expression plasmids for N, P, L, and
minigenome RNA, and lysates used for IP and minigenome assay. (A) 32P or 35S-labeled N proteins were immunoprecipitated with anti-N protein polyclonal antibodies and
separated by SDS–PAGE. (B) 32P or 35S-labeled P protein coprecipitated with N protein was detected the same time. Phosphorylation levels of (C) N and (D) P protein were
quantiﬁed by densitometry. (E) Minigenome assay using a series of N protein mutants. ⁄P < 0.05, ⁄⁄P < 0.01. Error bars indicate standard deviations.
Fig. 2. N protein mutants with alanine substitutions at residues adjacent to major
phosphorylation sites do not enhance phosphorylation of P protein. (A) P protein
expressed in COS-7 cells with various N protein mutants (without L protein and
minigneome RNA), and IP was performed with anti-N polyclonal antibody. (B)
Densitometry of the bands of P protein coprecipitated with N protein mutants.
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phorylation and downregulation of viral transcription/replication.
In other words, wt N protein prevented excessive phosphorylationof P protein which caused downregulation of viral transcription/
replication.
3.3. Phosphorylation at S86 and/or S151 of P protein is critical for
downregulation of viral transcription/replication
S86 and S151 of MV-P protein are reported to be sites for phos-
phorylation by casein kinase II (CKII) [30]. T49 of MV-P protein is
homologous to the major phosphorylation site of rinderpest virus
(RPV) P protein, which is a closely related morbillivirus [18,19].
To further clarify the correlation between phosphorylation of P
protein and viral transcription/replication activity, we generated
mutants of P protein whose phosphorylation sites were substituted
with alanine residues: S86A/S151A (dP) and T49A/S86A/S151A
(tP). We performed IP and minigenome assay using mutants of N
and P protein. IP results demonstrated that the phosphorylation
levels of dP and tP did not signiﬁcantly decrease compared to
wt-P protein associated with wt-N protein (Fig. 3A, B). This indi-
cated that the substituted sites of dP and tP were not constitutively
phosphorylated. In contrast to wt-P protein, the phosphorylation
levels of dP and tP were not enhanced by association with N pro-
tein mutants (S479A, S510A, and S479/510A) (Fig. 3A, B). This sug-
gested that the elevation in the phosphorylation of P protein was
due to phosphorylation at S86 and/or S151. Furthermore, compar-
ison of dP and tP showed that alanine substitution of T49 did not
decrease phosphorylation of P protein. Therefore, T49 was not
important as a phosphate group acceptor.
By minigenome assay, the alanine substitutions in the dP and tP
mutants did not impair the function of P protein as a cofactor of
RNA polymerase (Fig. 4A). N protein with mutations at major phos-
phorylation sites downregulated transcription/replication in asso-
ciation with wt-P protein, but failed to decrease transcription/
replication activity in combination with dP or tP (Fig. 4B–D). Hence
phosphorylation at S86 and/or S151 of P protein was likely to play
an important role in downregulation of viral transcription/replica-
tion. Additionally, since mutations of dP (S86 and S151) were suf-
ﬁcient to restore the decreased transcription/replication activity,
the T49 site of P protein was not necessary for regulation of tran-
Fig. 3. Phosphorylation levels of dP and tP were not enhanced by association with N protein mutants. (A) Various pair of RI labeled-N and -P protein mutants expressed in 293
cells under presence of L protein and minigenome RNA were immunoprecipitated using anti-N polyclonal antibody. dP: S86A/S151A, tP: T49A/S86A/S151A. (B) Densitometry
of N and P protein bands. ⁄⁄P < 0.01.
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tion of viral transcription/replication in the minigenome assay
was caused by an elevation in the phosphorylation level of P pro-
tein, speciﬁcally at S86 and/or S151.
3.4. Statistical evaluation of correlation between P protein
phosphorylation intensity and viral transcription/replication activity
To calculate the correlation between the phosphorylation level
of MV-P protein and viral transcription/replication activity, we
quantiﬁed the intensity of phosphorylation by densitometry. Its
correlation with viral transcription/replication activity was repre-
sented as a coefﬁcient of determination (r2). On scatter diagrams,
a strong inverse correlation was observed between the phosphor-
ylation level of P protein and viral transcription/replication activ-
ity, implying that viral transcription/replication was affected by
the total phosphorylation level of P protein. Furthermore, the
best-ﬁt curve of the relationship was obtained by exponential
approximation (r2 = 0.97) (Fig. 5A) rather than linear approxima-
tion (r2 = 0.78) (Fig. 5B), and an acquired regression curve sug-gested that transcription/replication activity was abruptly
attenuated when P protein exceeded an optimum phosphorylation
level. Therefore, strong phosphorylations at 86S and 151S sites
were likely to be important for negative regulation of transcrip-
tion/replication. In contrast, N protein phosphorylation had no cor-
relation with viral transcription/replication, with a coefﬁcient of
determination of 0.0018 (Fig. 5C).
3.5. Phosphorylation of P protein at S86 and S151 selectively
downregulated viral transcriptional activity
To determine which step in viral RNA synthesis was affected by
P-phosphorylation, we measured viral transcription and replica-
tion efﬁciency by quantitative RT-PCR under the same condition
as minigenome assay. As a result, transcription efﬁciency (mRNA/
minigenome) of mutants of N protein (S479A, S510A, and S479/
510A) was signiﬁcantly reduced from 27.9 to 33.1%, while replica-
tion efﬁciency (minigenome) showed no signiﬁcant differences
(Fig. 6A, C). Quantities of Fluc mRNA corresponded with the pat-
tern of Fluc activity in minigenome assay (Figs. 1E and 6B). These
Fig. 4. Transcription/replication activity was affected by phosphorylation status of P protein rather than N protein. Wt-P, dP (S86A/S151A), and tP (T49A/S86A/S151A) were
subjected to minigenome assay in pairs with (A) wt-N, (B) N (S479A), (C) N (S510A), and (D) N (S479/510A). ⁄P < 0.05, ⁄⁄P < 0.01, ⁄⁄⁄P < 0.001. Error bars indicate standard
deviations.
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nied with P-phosphorylation at S86 and S151 was caused by de-
crease in transcriptional activity rather than replication. Slight
differences in replication efﬁciency were not correlated with phos-
phorylation level of P protein; therefore these differences in repli-
cation may not be caused by P phosphorylation.
4. Discussion
We found that N protein and mutants S479A, S510A, and S479/
510A showed a different phosphorylation pattern during viral tran-
scription/replication than N protein expressed alone in cultured
cells. Since N protein coimmunoprecipitated with P protein
showed different phosphorylation pattern, N–P protein association
could change the phosphorylation status of N protein. Additionally,
N–P association affected the phosphorylation status of P protein.
Although phosphorylation of N protein had no direct relevance to
the efﬁciency of viral RNA synthesis, as shown in Figs. 5 and 6, astrong inverse correlation was found between the phosphorylation
level of P protein and viral transcriptional activity. Phosphorylation
of P protein is generally believed to be connected with upregula-
tion in viral RNA synthesis. For instance, removal or inhibition of
kinase activity for P protein decreases transcription/replication
activity or viral growth in canine distemper virus [13], sendai virus
[14], human parainﬂuenza virus type 3 [15,16], and vesicular sto-
matitis virus [17]. As a more direct approach, site-directed muta-
genesis at the phosphorylation site of P protein causes a decrease
in viral gene expression in rinderpest virus [18,19] and human
respiratory syncytial virus [20]. These phosphorylation sites seem
to be required for efﬁcient P protein function. Recently, however,
mutation at the phosphorylation sites of P protein increased viral
gene expression activity in parainﬂuenza type 5 (PIV5) (S308)
[21,31] and borna disease virus (BDV) (S26, S28) [22,32]. In PIV5,
increased viral gene expression causes induction of cell death
and expression of cytokines such as IFN-b and IL-6. Viral gene
expression of PIV5 is negatively regulated by phosphorylation of
Fig. 5. Viral transcription/replication activity was inversely related to the total phosphorylation level of P protein in exponential manner. From Figs. 3 and 4, relationships
between the phosphorylation level of P protein and viral transcription/replication activity for various pairs of mutants were plotted on scatter diagrams, and signiﬁcant
correlations found. Correlation was represented by (A) exponential approximation (r2 = 0.97) rather than (B) linear approximation (r2 = 0.78). (C) Phosphorylation of N protein
had no correlation with transcription/replication (r2 = 0.0018).
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[21]. In BDV, negative regulation by phosphorylation of P protein
has been suggested as a prerequisite for efﬁcient viral dissemina-
tion [32]. As a common mechanism among Mononegavirales, in
addition to constitutive phosphorylation sites that are necessary
for activity, MV-P protein could also possess regulatory phosphor-
ylation sites to maintain a transcription level. If MV uses the same
strategy as PIV5 and BDV, S86 and S151 would be strong candi-
dates for regulatory phosphorylation sites in MV-P, and phosphor-
ylation of P protein at S86 and/or S151 could serve as negative
regulator of viral gene expression for efﬁcient viral growth.
Although the major phosphorylation sites S479 and S510 of N
protein are adjacent to the binding region for P protein [33–35],
mutations caused no impairment in N–P association by IP(Fig. 1A, Fig. 1B) or complex formation assay [24]. Of note, the dou-
ble mutant (S479/510A) showed higher activity than either single
mutant (S479A, S510A) in a minigenome assay (Fig. 1E). Further-
more, mutations at contiguous sites of N protein phosphorylation
sites failed to enhance P protein phosphorylation (Fig. 2). These
ﬁndings suggest that excessive phosphorylation of P protein
caused by N protein mutants is probably not responsible for a
structural abnormality of N protein, but relies on a change in its
phosphorylation properties. Our ﬁndings could provide a new reg-
ulatory mechanism of viral gene expression: phosphorylation of
MV-N protein generally suppresses phosphorylation at S86 and
S151 of MV-P protein, and change in the phosphorylation status
of N protein allows phosphorylation of P protein at S86 and
S151, resulting in reduction of viral gene expression. Hence, a
Fig. 6. Quantitative RT-PCR of minigenome RNAs and its transcripts. Minigenome RNAs and its transcripts were detected by quantitative RT-PCR from 293 cells that
transfected with plasmid for N (wt, S479A, S510A, and S479/510A), P, L, and minigenome RNA by the same method of minigenome assay. Reverse transcription was
performed with oligo-dT or minigenome speciﬁc primer (GGCCGTCATGGTGGCGAATACCAAACAAAGTTGGGTAAGGATAGATCAATCAATGATC), and following real-time PCR was
performed with primer pairs for the minigenome (F: GGCCGTCATGGTGGCGAAT/R: AGCGTAAGTGATGTCCAC), the transcripts (F: GTACACGTTCGTCACATCTC/R:
CGCAGGCAGTTCTATGAGGC), and GAPDH (F: AACATCATCCCTGCCTCTACTG/R: GCTTCACCACCTTCTTGATGTC). (A) minigenome RNA levels (B) Fluc mRNA levels (C)
transcription efﬁciency. ⁄P < 0.05. Error bars indicate standard deviations.
3906 A. Sugai et al. / FEBS Letters 586 (2012) 3900–3907dephosphorylation system for N protein might serve as a switch for
P protein activity.
Phosphorylation status of measles virus N protein has been
investigated under various conditions since the late 1970s. Some
papers reported that no difference was found between phosphory-
lation status of N protein from nucleocapsids or virions in acutely
infected cells and persistently infected cells [36,37]. It was also re-
ported that free N protein and nucleocapsid-associated N protein
showed different phosphorylation pattern [23,38]. However inﬂu-
ence of N–P interaction on its own phosphorylation status has
not been studied. In this report, we demonstrated that N and P pro-
tein changes own phosphorylation status through N–P interaction.
Thus, the presence of P protein is important when considering the
changes of N-phosphorylation status, and this ﬁnding would help
the understanding of the past reports of N-phosphorylation. Bio-
logical signiﬁcance of the changes in phosphorylation status of N
and P protein through the viral life cycle is unknown. However,
downregulation of transcription via phosphorylation at S86 and/
or S151 of P protein could be a key step in determining the role
of N and P protein phosphorylation.Acknowledgement
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